Rationale: Bone is one of the most common metastatic sites of breast cancer. CD137 (4-1BB), a member of the tumor necrosis factor (TNF) receptor superfamily, is mainly expressed in activated leukocytes. Previous study demonstrates the effect of CD137-CD137L bidirectional signaling pathway on RANKL-mediated osteoclastogenesis. However, the role of CD137 in bone metastasis of breast cancer needs further study. Methods: Stable monocyte/macrophage cell lines with Cd137 overexpression and silencing were established. Western blot, real-time PCR, transwell and tartrate-resistant acid phosphatase staining were used to detect the regulatory effect of CD137 on migration and osteoclastogenesis of monocytes/macrophages in vitro. Spontaneous bone metastasis mouse model was established, bioluminescent images, immunohistochemistry and histology assay were performed to detect the function of CD137 in bone metastasis in vivo. Results: We found that CD137 promotes the migration of monocytes/macrophages to tumor microenvironment by upregulating the expression of Fra1. It also promoted the differentiation of monocytes/macrophages into osteoclasts at the same time, thus providing a favorable microenvironment for the colonization and growth of breast cancer cells in bone. Based on these findings, a novel F4/80-targeted liposomal nanoparticle encapsulating the anti-CD137 blocking antibody (NP-αCD137 Ab-F4/80) was synthesized. This nanoparticle could inhibit both bone and lung metastases of 4T1 breast cancer cells with high efficacy in vivo. In addition, it increased the therapeutic efficacy of Fra1 inhibitor on tumor metastasis. Conclusions: Taken together, these findings reveal the promotion effect of macrophage/monocyte CD137 on bone metastases and provide a promising therapeutic strategy for metastasis of breast cancer.
Introduction
Breast cancer is one of the most common malignancies in women and is among the leading causes of cancer death for female in the United States [1] . Bone is one of the most common sites of breast cancer metastases, since about 80% of patients with metastatic breast cancer develop bone metastases [2] .
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Regarding the molecular mechanisms of bone metastases in breast cancer, a "seed-soil" theory of tumor metastases was proposed and gained the identity [3, 4] . This theory suggests that the expression of specific cytokines in the local microenvironment increases the chemotactic and adhesive ability of the tumor cells greatly, thus promotes the formation of metastases. It highlights the interaction between tumor cells and the targeted organ microenvironment and explains the organ selectivity of tumor bone metastases. The molecular mechanisms of bone metastases of breast cancer still need to be further explored. Therefore, in-depth study of the underlying mechanisms and looking for effective therapeutic targets are particularly important.
CD137 (4-1BB), a member of the tumor necrosis factor (TNF) receptor superfamily, is mainly expressed in activated leukocytes, including T cells, B cells, eosinophils, monocytes and natural killer (NK) cells [5] . As a ligand of CD137, CD137L belongs to the TNF ligand family and is expressed in antigen-presenting cells [6, 7] . It is also expressed in various types of tumor cells [8, 9] . CD137 was found to activate and increase the adherence of monocytes [10, 11] . Studies have found that CD137 and CD137L coexist in different parts of the tumor tissue [12] . These findings suggest a possible interaction between tumor cells and macrophages in tumor microenvironment through the CD137L-CD137 signaling pathway. Previous studies found that CD137 and RANK share common downstream signaling pathways, and CD137-CD137L bidirectional signaling pathway affect RANKL-mediated osteoclastogenesis [13, 14] . However, it remains unclear whether CD137 is involved in bone metastases of breast cancer.
In 1997, Melero et al. discovered that agonist anti-CD137 monoclonal antibodies (mAbs) can effectively reduce tumor volume in mice [15] . Agonist anti-CD137 mAb exerts anti-tumor effects by promoting cell survival and enhancing the activity of cytotoxic T cells [15, 16] . In recent years, CD137 agonists, such as Utomilumab (PF-05082566) and Urelumab have undergone clinical trials for pancreatic cancer, melanoma, lung cancer and kidney cancer, etc. [17, 18] . However, to our knowledge, the usage of CD137 as a therapeutic target for breast cancer metastases has not been reported yet.
Macrophages, as a component of tumor microenvironment, play important roles in tumor progression [19] [20] [21] . The monocytes can differentiate into macrophages and osteoclasts in bone microenvironment and participate in the remodeling, repairing and regulating the homeostasis of bone [19, 22] . Previous studies found that macrophages promote bone metastases of tumors. For example, colony stimulating factor 1 (CSF-1) and colony stimulating factor 1 receptor (CSF-1R) are involved in the infiltration of monocytes/macrophages in tumors [23, 24] . CSF-1 potentiates bone metastases of lung cancer [25] . In addition, several studies found that CCL2 increases bone metastases of prostate cancer by promoting the recruitment of macrophages and osteoclasts [26] . Depletion of monocytes/macrophages or reducing the infiltration of macrophages in the bone microenvironment effectively inhibits the occurrence of bone metastasis [19, 27] . These findings provide a new idea for the treatment of bone metastasis of breast cancer by targeting macrophages.
There are specific and established markers on the membrane of monocytes/macrophages, such as F4/80, CD68, CD163, etc. [28] [29] [30] . Currently, studies that using these membrane receptors to target macrophages are reported. For example, legumain was used as a target for the depletion of macrophages and against breast cancer [31] . CD163 was exploited as a target for delivery of drugs to monocytes by using stealth liposomes [32] . Nanoparticles (NPs) have been widely used for the delivery of agents to target sites [33] . The advantage of NPs delivery systems is their ability to deliver agents efficiently to target cells in their bioavailable forms [34] . For example, CD44-targeted NPs can specifically deliver antibodies to tumor sites specially, thereby exerting the therapeutic effect on tumor [35] . This delivery method can reduce the side-effect of agents, thereby improve their therapeutic efficacy.
Here, we found that CD137 can regulate the migration of monocytes/macrophages to tumor microenvironment both in vitro and in vivo. Moreover, CD137 promoted the differentiation of monocytes/macrophages into osteoclasts to form a microenvironment suitable for the colonization of tumor cells, which ultimately enhanced bone metastases of breast cancer. According to this finding, a novel F4/80-targeted liposomal nanoparticle encapsulating the anti-CD137 blocking antibody was designed. We found this monocyte/macrophage targeted NP shows high efficacy in inhibiting the bone metastases of breast cancer. This study provides a promising strategy for the treatment of bone metastasis of breast cancer.
Methods

Ethics statement and patients' sample
All animal experiments were carried out according to guidelines for the use and care of laboratory animals approved by the Research Institute Ethics Committee of Nankai University. The serum was collected from normal female and breast cancer female patients with histological evidence who were admitted to the Chinese PLA General Hospital and Tianjin Medical University Cancer Institute and Hospital in 2015 and 2016. All patients signed the informed contents. The patients were in the state of initial diagnosis, follow-up or recurrence. The serum samples were collected within 2 hours of venous blood sampling and stored at -80°C. The study was approved by the ethics committee of Chinese PLA General Hospital and Tianjin Medical University Cancer Institute and Hospital.
TCGA data analysis
The Cancer Genome Atlas (TCGA) breast cancer dataset was obtained from UCSC Xena browser (http://xena.ucsc.edu/). The raw expression counts of 1,196 individual primary human breast cancer tissues were used for the analysis.
Determination of serum sCD68 protein levels
The concentration of serum sCD68 was determined by using the CD68 enzymelinked immunosorbent assay (ELISA) Kit (antibodies-online, Shanghai, China). The ELISA was performed according to the manufacturer's instructions. The absorbance was measured in a microplate reader at 450 nm (OD450, Thermo Fisher Scientific, Waltham, MA, USA).
Cell culture
RAW264.7 and 4T1 cell lines were obtained from Dr. Ralph A. Reisfeld (The Scripps Research Institute, CA, USA). RAW264.7 and 4T1 cells were cultured in the RPMI 1640 medium supplemented with 10% FBS, 100 U/mL penicillin and 0.1 mg/mL streptomycin. Stable 4T1 cell line with overexpression of firefly luciferase (4T1FL) was established following the procedure described before [36] . RAW264.7 cells were transfected with lentivirus carrying the pLV-EF1α-Renilla luciferase-Bsd plasmid and selected by adding blasticidin to the culture medium to establish the stable polyclonal RAW264.7 cell line with renilla luciferase (RL) overexpression (RawRL).
cDNA of mus Cd137 and shRNAs targeting mus Cd137 were cloned into the pLV-EF1a-MCS-IRES-puro and pLV-H1-EF1α-puro plasmids, respectively (Biosettia Inc., San Diego, CA, USA). The sequences of shRNAs were: sh1-CD137: GGAGTGTGAGTGCATTGAAGG; sh2-CD137: GGTCATTGTGCTGCTGCTAGT. RawRL cells were infected with lentivirus carrying above plasmids, pLV-EF1α-MCS-IRES-puro and pLV-H1-EF1α-puro plasmids carrying scramble shRNA (SC), respectively and selected by adding puromycin to the cell culture medium to obtain stable polyclonal cell lines with Cd137 overexpression (RawRL-CD137) and silencing (RawRL-shCD137), and their corresponding controls (RawRL-Con, RawRL-SC), respectively. cDNA of mus Fra1 was cloned into the pLV-EF1α-MCS-IRES-puro plasmid (Biosettia Inc., San Diego, CA, USA). RAW264.7 and RawRL-shCD137 cells were transiently transfected with lentivirus carrying pLV-EF1α-Fra1-IRES-puro or the empty plasmids to obtain the cell lines with Fra1 overexpression (Raw-Fra1, RawRL-shCD137-Fra1) and the controls (Raw-Con, RawRL-shCD137-Con), respectively.
Western blotting
Cell lysates were prepared as previously described [37] . 30 μg protein lysate, 50 μL human serums, or 40 μL cell supernatant was loaded on a 12% Bis-Tris gel and transferred onto a PVDF membrane. The blots were detected by using the following primary antibodies: anti-β-actin, Fra1, p-Fra1 (Ser265) (Cell Signaling Technology, Danvers, MA, USA), anti-Renilla luciferase (Affinity Biosciences, Cincinnati, OH, USA), anti-CD137 (abcam, Cambridge, UK), anti-hCD137L (R&D Systems Inc., Minneapolis, MN, USA), anti-mCD137L (Bioss Antibodies, Beijing, China) antibodies. These primary antibodies were detected with proper secondary antibodies. Proteins were detected by ECL detection reagent (Millipore, Billerica, MA, USA).
The densitometry of the blot was obtained by using the Image J software (National Institutes of Health, USA) and was compared with that of β-actin for each sample to obtain the normalized value. The normalized value of each blot was compared to that of its control to obtain the relative fold change (RFC), at least 2 independent experiments were performed. The mean RFC value of each blot was indicated at the bottom. The normalized protein expression level of serum sCD137 from healthy and breast cancer patients was compared with that of one healthy control people to obtain the RFC.
Transwell assay
Cell migration assay of RAW264.7 and primarily cultured macrophages (MΦ) was evaluated by using a 5-μm pore size transwell chamber (Millipore, Billerica, MA, USA). 1×10 5 RAW264.7 cells or MΦ were placed into each upper chamber of 24-well transwell containing 1% FBS medium. The lower chamber was filled with 500 μL supernatant of 4T1FL or plated with 4T1FL cells that were cultured in 500 μL culture medium. After 24 hours of migration, the cells in the upper chamber were removed and cleaned by a cotton swab. The cells that penetrated and attached to the bottom of the chamber membrane were stained by 1 % crystal violet and subjected to microscope image under a 10× objective. The cell number per image field was averaged from 3 different image fields for each transwell assay; at least three independent experiments were performed.
To test migration-regulation effect of different agents, IgG, monoclonal anti-CD137 blocking antibody (clone 6D295, Santa Cruz Biotechnology, Inc., Dallas, TX, USA) or monoclonal anti-CD137 ligand (L) blocking antibody (clone TKS-1, Sungene Biotech, Tianjin, China) was added to the lower chamber to reach the final concentration of 10 µg/mL, Fra1 inhibitor-SKLB816 kindly provided by Dr. Shengyong Yang (State Key Laboratory of Biotherapy and Cancer Center, Sichuan University, Chengdu, China) was added to the lower chamber to reach the final concentration of 0.5 μM.
Wound-healing assay
RawRL cells were plated in a 24-well plate. When they grew to 100% confluence, a 'wound' was made in the middle of the well by using a 10 μL pipette tip, the concentration of FBS of culture medium was changed from 10% to 1% at the same time. The wound-healing process was recorded at 0 hour and 24 hours after the scratch under an objective. The wound healing rate (%) =the distance of wound recovered/ the distance of the original wound ×100%.
RNA-seq
The RawRL-CD137 and the RawRL-Con cells were harvested. 4 µg total RNA from each sample was extracted by using TRIzol reagent. The transcriptome data of both cell lines were profiled and compared by using a BGISEQ-500 (Beijing Genomics Institute at Shenzhen, China). The RNA-seq was performed three times. Those migration-associated genes with consistent false discovery rate (FDR) < 0.001 and Log2 CD137/Con > 0.5 or <-0.5 were selected out as the targets of CD137. RNA-Seq data have been deposited to NCBI Gene Expression Omnibus (GEO) database (GSE130013).
Osteoclast differentiation and TRAP staining
RawRL cells were plated at a density of 2×10 4 cells per well in a 24-well culture plate and differentiated with 10 ng/mL M-CSF and 100 ng/mL RANKL (R&D Systems Inc., Minneapolis, MN, USA) for 9 days. Culture medium was replaced every 48 hours. Then cells were washed, fixed and stained for tartrate-resistant acid phosphatase (TRAP, Sigma-Aldrich, St Louis, MO, USA) according to the manufacturer's instructions. The TRAP + cell number per image field was averaged from 3 different image fields for each well, three independent experiments were performed.
For analysis of the parameters of osteoclasts in the bone metastatic lesions, 7-μm sections were stained with hematoxylin and TRAP, respectively.
Real-time PCR analysis
Total RNAs were isolated with TRIzol TM reagent (Thermo Fisher Scientific, Waltham, MA, USA) and reversely transcribed into cDNAs as described before [36] . A Hieff TM qPCR SYBR ® Green Master Mix (YEASEN Biotechnology, Shanghai, China) was used. The mRNA expression of osteoclast-associated genes including Dcstamp, Atp6v0d2, Itgb3, Ctsk, Opg, RANKL and TRAP was detected; the expression of Gapdh was used as the loading control. 2 −ΔΔCt method was used to determine relative fold changes for the expression of mRNAs. Assays were performed in triplicate. The primer sequences were shown in Table S1 ; the primer sequences for Gapdh were described before [38] .
Histology and immunohistochemistry staining
Immunostaining was performed on human breast tissue array (Alenabio Co., Xi'an, China) and mouse tissues. All mouse tissues were fixed in 4% paraformaldehyde for 24 hours. Bones were decalcified in 10% EDTA for 7 days at 4°C. Standard immunostaining techniques were used to prepare the sections for histology and immunohistochemistry staining. CD137, CD137L, Renilla luciferase, Ki67, and F4/80 were stained by using the following primary antibodies: anti-CD137 (abcam, Cambridge, UK), anti-CD137L (R&D Systems Inc., Minneapolis, MN, USA), anti-Renilla luciferase (Affinity Biosciences, Cincinnati, OH, USA), anti-Ki67 and F4/80 (abcam, Cambridge, UK) antibodies. The streptavidin-biotin detection system was applied and 3, 3′-diaminobenzidine (DAB) was used. The images were recorded by using Olympus BX51 fluorescent microscopy (Olympus, Tokyo, Japan).
Preparation of liposomal nanoparticles (NPs)
Liposomal nanoparticles were prepared as previously described [35] . The lipid mixture was composed of DOPE, DOPC and cholesterol (1:1:1 molar ratio).
For preparation of per 1 mL of the liposomal nanoparticles or F4/80 targeted liposomal nanoparticles encapsulating monoclonal anti-CD137 or PE conjugated anti-CD137 antibody (NPs-αCD137 Ab-F4/80 or NPs-αCD137 Ab-PE-F4/80), 30 μg anti-CD137 blocking antibody (clone 6D295, Santa Cruz Biotechnology, Inc., Dallas, TX, USA) or anti-CD137 Ab-PE (BD Biosciences, San Jose, CA, USA) was dissolved in 1 mL PBS (pH7.4) at 4℃ for 15 min, then mixed with 1 mL lipid films at 4℃ for 1 hour. After fully hydration, the liposomes were extruded 10 times through 100 nm polycarbonate membrane filter. After encapsulation, the free antibody was removed by size exclusion chromatography system (GE Healthcare, Chicago, IL, USA). The F4/80 targeted liposomes were prepared following the method described before [35] . Briefly, monoclonal anti-F4/80 antibody was conjugated with DSPE-PEG3400-NHS at a 1:10 molar ratio. Then, liposomes were mixed with anti-F4/80 Ab-PEG conjugates at a molar ratio of 100:1 for 4-8 hours with continuous stirring.
GloMax®-Multi Detection System (Promega, Madison, WI, USA) was used to measure the encapsulation efficiency for NPs. The Mass (M) of free antibody (Ab) presented in the supernatant was determined by the fluorescence intensity value excited at 490 nm and at the emission wavelength of 510-570 nm, then was calculated based on the calibration curve. Encapsulation efficiency(%)=M (feeding Ab) -M(Ab in supernatant)/M (feeding Ab)×100% [35] .
Allograft tumor model and the treatment
All animal studies were performed according to the guidelines of Nankai University Animal Care and Use Committee. Female BALB/c mice aged 6-8 weeks were used in all animal studies. Bone metastases were measured by BLI, necropsy and/or hematoxylin and eosin (H&E) staining on bone paraffin sections.
To determine the effect of monocyte/macrophage CD137 on breast cancer metastases, 1×10 5 4T1FL cells and 1×10 4 RawRL cells were subcutaneously co-injected around the fourth mammary gland of each mouse. After 14 days of inoculation, the tumors were surgically removed. Development of metastases was monitored by bioluminescent images (BLI) with the IVIS Spectrum In Vivo System (PerkinElmer). BLI signal data were acquired by subtracting the background and analyzed using Living Image Software (PerkinElmer). The mice were sacrificed 4 weeks after the surgical resection, forelimb and hindlimb bones, spines, ribs and lungs were harvested from each group.
1×10 5 4T1FL cells were injected around the fourth mammary gland of each mouse subcutaneously to establish a 4T1FL-allograft mouse model in the following four experiments:
To determine the effect of clodronate liposome on metastases, after 1 week of tumor-inoculation, we administered clodronate liposome (YEASEN Biotechnology, Shanghai, China) intraperitoneally at a dose of 1 mg/20g body weight (BW) for five times.
To determine the therapeutic effect of NPs-αCD137
Ab-F4/80 on metastases, the 4T1FL-allograft mice were randomly separated into five groups and injected with PBS, αCD137 Ab, NPs-IgG-F4/80, NPs-αCD137 Ab or NPs-αCD137 Ab-F4/80 (200 µL/20g BW of PBS or NPs each time, 6 μg /20g BW of Ab each time) through the tail vein, respectively.
In the combined therapy experiments, the 4T1FL-allograft mice were randomly separated into four groups and injected with PBS, NPs-αCD137 Ab-F4/80, SKLB816, NPs-αCD137 Ab-F4/80 plus SKLB816 ( To analyze of the bio-distribution of antibody in tumor-bearing mice treated with F4/80 targeted NPs, the 4T1FL-allograft mice were randomly separated into two groups. 1 week after the inoculation, NPs-αCD137 Ab-PE or NPs-αCD137 Ab-PE-F4/80 (6 µg Ab/20g BW) were injected to the mice via tail vein separately. The mice were sacrificed 6 hours after the injection. Primary tumor tissues were removed and subjected to immunofluorescent staining and bio-distribution assay of the NPs following the procedure described before [35] .
Quantification of lung metastatic foci number and areas
After the lung sections were stained with H&E, the number of lung metastatic foci was recorded under a 4× objective, and the area of lung metastases and the total area of lung lobes were calculated by using photoshop software (Adobe). Lung metastatic area ratio (%) =lung metastatic area / total five lung lobes area×100%.
Immunofluorescent staining
The frozen tissue sections were fixed in 4% paraformaldehyde for 15 minutes and then incubated with anti-CD68 (Proteintech, Wuhan, China), anti-CD3 Ab-FITC (Thermo Fisher Scientific, Waltham, MA, USA), anti-CD69 (Bioss Antibodies, Beijing, China), anti-Ki67 (abcam, Cambridge, UK) antibodies overnight at 4 °C, the un-conjugated primary antibodies were further incubated with Alexa Fluor 488 or Alexa Fluor 594 conjugated secondary antibody (Molecular Probes, Eugene, OR, USA) at room temperature for 1 hour. They were finally counterstained with DAPI (4',6-diamidino-2-phenylindole, Sigma-Aldrich, St. Louis, MO, USA). Images were acquired by using a laser scanning confocal microscope (Olympus, Tokyo, Japan).
Isolation of mouse peritoneal cavity macrophages and primary cell culture 1 mL thioglycollate solution (thioglycollate (Sigma-Aldrich) dissolved in PBS to the final concentration of 4%) was injected intraperitoneally to female BALB/c mice at 6~8 weeks old. After 4 days, the mice were subjected to peritoneal lavage treatment by using ice cold RPMI 1640 supplemented with 10% FBS. The irrigation fluid was collected and then centrifuged at 1,500 rpm for 5 min. The pellet containing the peritoneal macrophages was collected and cultured in RPMI 1640 supplemented with 10% FBS. Six hours after plating, the macrophages attached to the bottom of culture dishes, red blood cells were removed by gently blowing and changing of culture medium.
Cell treatment
IgG, monoclonal anti-CD137 blocking antibody (clone 6D295, Santa Cruz Biotechnology, Inc., Dallas, TX, USA) were added to the culture medium of 4TFL. RawRL-CD137 and MΦ to reach the final concentration of 10 µg/mL, respectively. SKLB816 was added to the culture medium of RawRL-CD137 and 4T1FL cells to reach the final concentration of 0.5 μM. The cells were treated for 48 hours and then collected and subjected to Western blot. Cell viability were tested by using CCK8 kit (Dojindo, Shanghai, China) following the manufacturer's instructions and measured as absorbance at 450nm.
Fluorescence-activated cell sorting (FACS) analysis
7×10 5 4T1FL cells were subcutaneously injected to the fourth mammary gland of each female BALB/c mouse aged 6-8 weeks. 8 days after the inoculation, PBS (200 µL/20g BW) or NPs-αCD137 Ab-F4/80 (6 µg Ab/20g BW) was injected to the mice via tail vein separately. The mice were sacrificed 24 hours after the injection. The spleen of each mouse was removed and grinded, red blood cells were removed by using Red Blood Cell Lysis Solution (SolarBio, Beijing, China) according to manufacturer's instructions. The spleen leukocytes were re-suspended in PBS and then separated into two tubes: one tube was incubated with anti-CD3 Ab-PE-Cy7 (Sungene Biotech, Tianjin, China), anti-CD69 Ab-APC, anti-CD8 Ab-PerCPCy5.5 (Thermo Fisher Scientific, Waltham, MA, USA), anti-CD4 Ab-PE and anti-CD44 Ab-FITC (BD Biosciences, San Jose, CA, USA) , another tube was incubated with anti-F4/80 Ab-PE, anti-CD45 Ab-PerCP-Cy5.5 (BD Biosciences, San Jose, CA, USA) and then subjected to FACS analysis.
Primary tumor tissues were removed and cut into small pieces and digested with tissuedissociation solution (DMEM/F12 medium supplemented with 0.0125% Deoxyribonuclease Ι, 0.05% collagenase type 3, 0.0125% Neutral protease (Worthington Biochemical, Lakewood, NJ, USA) at 37°C for 30 minutes. During the incubation, the tissues were pipetted up and down every 10 minutes. Tissue-supernatants were then filtered by using a 70-µm strainer to obtain the single-cell suspension and then were centrifuged at 1,000 rpm for 5 minutes. The supernatant was removed and cell pellet was suspended in 3 mL Red Blood Cell Lysis Solution at room temperature for 10 minutes, then was centrifuged at 1,000 rpm for 5 minutes. The cell pellet for each tumor sample was re-suspended in PBS and then separated into two tubes: one tube was incubated with anti-F4/80 Ab-PE, anti-CD45 Ab-PerCP-Cy5.5 (BD Biosciences, San Jose, CA, USA) , and anti-CD3 Ab-FITC (Thermo Fisher Scientific, Waltham, MA, USA), another tube was incubated with anti-CD3 Ab-PE-Cy7 (Sungene Biotech, Tianjin, China) and anti-CD69 Ab-APC (Thermo Fisher Scientific, Waltham, MA, USA) and then subjected to FACS analysis.
To detect the presence of membrane-bound CD137 and CD137L, the RawRL, 4T1FL and MΦ were incubated with anti-CD137L Ab-FITC (Bioss Antibodies, Beijing, China), anti-CD137 Ab-FITC or IgG-FITC (Sungenes Biotech, Tianjin, China) separately and then subject to FACS analysis.
Statistical analysis
t-test was used to determine the significance and data are presented as mean + standard error of the mean (SEM) unless otherwise specified. P < 0.05 was defined as statistically significant. In all figures, "*" indicates P < 0.05; "**" indicates P < 0.01; "ns": not significant.
Results
Elevated serum sCD137L level in patients with metastatic breast cancer
To explore the function of CD137L-CD137 signaling in the development and metastasis of breast cancer, immunohistochemistry staining of CD137 and CD137L in 36 cases of human breast cancer tissues revealed that CD137 is expressed in 25 patients (69.4%) and CD137L is expressed in 24 patients (66.7%), they are co-expressed in 18 patients (50%). In CD137 positive patients, 64% showed stromal only expression pattern and 36% showed both stromal and tumor cells expression pattern. In CD137L positive patients, 70.8% showed tumor cells only expression pattern and 29.2% showed both stromal and tumor cells expression pattern. These results reveal that CD137 is mainly expressed in stromal sites, while CD137L is predominantly expressed in breast tumor cells ( Figure 1A and Table  S2 ), which tends to be consistent with previous reports in other types of solid tumors [12] . TCGA database analysis showed that CD137 and CD137L correlated with the macrophage markers, such as CD14, CD33, and CD68 at the mRNA level, respectively ( Figure S1A ). In addition, CD137 mRNA correlated with CD137L mRNA in these breast cancer tissues ( Figure S1B) . To test the association of monocytes/macrophages with metastases of breast cancer clinically, serum soluble CD68 (sCD68) in age-matched normal female, female breast cancer patients with or without metastasis was measured (patient information was summarized in Table S3 ). The expression level of sCD68 in serum of metastatic breast cancer patients was significantly higher than that of the other two groups ( Figure 1B ). Consistently, significantly higher level of soluble CD137L (sCD137L) in the serum of patients with metastatic breast cancer was also found than in that of normal and non-metastatic groups ( Figure 1C , patient information was summarized in Table S4 ). Based on these observations, we speculate that CD137L-CD137 signaling may be associated with metastases of breast cancer.
CD137 enhances the migration of monocytes/macrophages and promotes their differentiation into osteoclasts
To verify the function of CD137 in the migration of monocytes/macrophages, stable RAW264.7-Renilla luciferase cells with Cd137 overexpression (RawRL-CD137, Figure 2A ) and down-regulation (RawRL-shCD137, Figure 2B ) were established. We found that CD137 promotes the expression of Fra1, one of the key transcriptional factors that promote cell migration and epithelial-mesenchymal transition (EMT) [39, 40] . As expected, overexpression of Cd137 promoted the migration of monocytes/macrophages ( Figure 2C and 2D, Figure S2A) , while down-regulation of Cd137 inhibited the migration (Figure 2E and S2B) . In addition, RNA-seq results further showed that CD137 regulates the mRNA expression of several genes associated with cell migration (Figure 2F ). Among them, 11 genes were up-regulated, and 3 genes were down-regulated in RawRL-CD137 cells as compared with RawRL-Con. Real-time PCR assay of relative mRNA level change of osteoclast-related genes in RawRL cells after treatment with M-CSF (10 ng/mL) and RANKL (100 ng/mL) for 9 days (n = 3). Figure S2C , overexpression of Fra1 promoted the migration of RAW264.7 ( Figure S2C ) and rescued the inhibited migration induced by Cd137 silencing in RawRL (Figure S2D) . To further test the function of Fra1 in mediating the migrationpromotion effect of CD137, a Fra1 inhibitor-SKLB816 (also named 13an) [41] was used. We found that SKLB816 can effectively reduce the expression of Fra1 and p-Fra1 in 4T1FL and RawRL-CD137 cells ( Figure  S2E and S2F) . Application of anti-CD137 Ab as well as SKLB816 significantly compromised the migration of RawRL-CD137 cells (Figure 2G ). In addition, combination of anti-CD137 Ab and SKLB816 showed higher efficacy in inhibiting the migration of RawRL-CD137 than application of anti-CD137 Ab and SKLB816 alone ( Figure  2G) . Moreover, overexpression of Cd137 slightly promoted the proliferation of RawRL cells ( Figure S2G) . Application of anti-CD137 Ab inhibited the proliferation of 4T1FL and RawRL-CD137 cells (Figure S2H and S2I) , but did not affect the proliferation of primary cultured macrophages (MΦ, Figure S2J ).
As shown in
The expression of membrane-bound CD137 and CD137L were both detectable in RawRL, MΦ and 4T1FL cells from fluorescence-activated cell sorting (FACS) assay (Figure S3A and S3B) . In addition, sCD137L was found in the supernatant of these cells (Figure S3C) . Transwell assay showed that 4T1FL cells in the lower chamber recruit more MΦ when compared with their supernatants (Figure S3D) , suggesting that breast cancer cells keep secreting certain chemokines and/or cytokines to promote recruitment of monocytes/macrophages. Application of anti-CD137L blocking Ab to the lower chamber inhibited the recruitment of both RawRL and MΦ by 4T1FL cells (Figure S3D and S3E) ; supporting the notion that CD137L-CD137 signaling promotes the migration of monocytes/macrophages.
Previous studies showed that CD137L-CD137 signaling may regulate the differentiation of monocytes into osteoclasts by affecting the RANKL/RANK signaling pathway. The expression of membrane-bound CD137L and sCD137L increased in RawRL when they differentiated to osteoclasts (Figure S3F-S3H) . Silencing of Cd137 and application of anti-CD137L blocking Ab inhibited the differentiation of RawRL cells into osteoclasts ( Figure  2H and Figure S3I) . Correspondingly, overexpression of Cd137 showed opposite effect ( Figure 2I) . Meanwhile, the expression of osteoclast formation and activation-related genes, such as osteoclast fusion related genes-Dcstamp, Atp6v0d2, adhesion related genes-Itgb3, osteoclast resorptive related genes-Ctsk, and the genes related to osteoclast maturation and activation-RANKL and TRAP [42] were all significantly up-regulated in RawRL-CD137 cells after stimulation with M-CSF and RANKL when compared with RawRL-Con cells ( Figure 2J) . Correspondingly, anti-CD137L blocking Ab inhibited the expression of Dcstamp, Atp6v0d2, Itgb3, Ctsk, Opg and TRAP in RawRL-CD137 cells after stimulation with M-CSF and RANKL ( Figure S3J ).
Monocyte/Macrophage expression of CD137 promotes bone metastases of breast cancer
To explore the function of monocyte/macrophage CD137 in bone metastases of breast cancer in vivo, we used 4T1, which is a triple-negative murine breast cancer cell line and shows high metastatic properties [43, 44] , to establish 4T1 cells with firefly luciferase overexpression (4T1FL). 4T1FL cells were subcutaneously co-injected with RawRL-Con or RawRL-CD137 cells to BALB/c mice. The primary tumor was resected after two-weeks of inoculation ( Figure 3A) . Although there was no significant difference for the percentage of Ki67 positive cells in the primary tumors between two groups (Figure 3B) , greater tumor metastatic burdens ( Figure 3C) were detected by bioluminescence imaging (BLI) in mice co-injected with 4T1FL and RawRL-CD137 cells as compared with the mice co-injected with 4T1FL and RawRL-Con. The mice were sacrificed 4 weeks after primary tumor resection and the metastatic bone specimens were collected. Bone metastases were further confirmed by H&E staining (Figure 3D) . TRAP staining of bone metastatic lesions revealed an increase in the infiltration of TRAP + osteoclasts in the 4T1FL plus RawRL-CD137 co-injection group as compared with the control (Figure 3E) . At the same time, the percentage of RawRL cells was significantly higher in the bone metastatic lesions of 4T1FL plus RawRL-CD137 co-injection group than that of the control (Figure 3F ). This finding demonstrates that overexpression of Cd137 in RawRL promotes bone metastasis of breast tumor cells in vivo.
Design and preparation of a novel NP-αCD137 Ab targeting F4/80 + monocytes/macrophages
To further verify the role of monocytes/macrophages in bone metastases of breast cancer, we cleared the monocytes/macrophages of mice by liposome-encapsulated clodronate (clodrolip, Figure S4A ). 4T1FL-allograft mouse model was established ( Figure S4A) . Four weeks after primary tumor resection, mice were sacrificed. Immunohistochemistry (IHC) staining of F4/80, a macrophage marker for both immune-active M1 and immune-suppressive M2 phenotype [31] , in the spleens revealed that clodrolip effectively eliminated monocytes/macrophages in vivo ( Figure S4B) . BLI revealed that depletion of monocytes/macrophages significantly inhibits bone metastases of breast cancer ( Figure S4C) . H&E staining of bone specimens revealed that the bone metastatic burden in the clodrolip treatment group is lower than that in the PBS treatment group (Figure S4D) . Meanwhile, the infiltration of TRAP + osteoclasts in bone metastatic lesions of clodrolip treatment group was reduced when compared with that of PBS treatment group (Figure S4E) . In addition, monocytes/macrophages depletion significantly suppressed the lung metastatic burden (Figure S4F) . The above results confirm that monocytes/macrophages play an important role in promoting the metastases of breast cancer.
Based on our finding that overexpression of Cd137 in monocytes/macrophages promoted their migration and increased bone metastases of breast cancer, we next analyzed whether blockade of their CD137 pathway could alleviate bone metastases in breast cancer. To achieve this goal, a novel F4/80 targeted liposomal nanoparticle (NP) encapsulating anti-CD137 blocking antibody (NP-αCD137 Ab-F4/80) was designed and synthesized. The procedure for preparing this NP was summarized in Figure 4A . By using the PE labelled anti-CD137 Ab, the encapsulation efficiency of NP-αCD137
Ab-PE-F4/80 was measured as ~84.76% (Figure 4B) . Dynamic light scattering (DLS) measurement showed that the mean diameter of NPs-αCD137 Ab-F4/80 is ~117 nm (Figure 4C and 4D) . The target efficacy of this novel NP-αCD137 Ab-PE-F4/80 was demonstrated by increased presence of αCD137
Ab-PE in the tumor tissues (Figure 4E and 4F) and the increased percentage of αCD137 Ab-PE in CD68 + cells when compared with the non-targeting NPs-αCD137 Ab-PE treatment group, however the percentage of CD68 + cells in tumor tissues was not affected ( Figure  4G ). 
NPs-αCD137 Ab-F4/80 inhibit bone and lung metastases of breast cancer
To explore the therapeutic effect of this novel NP in vivo, 4T1FL-allograft mouse model was established ( Figure 5A) . After 1 week of 4T1FL inoculation, NPs-αCD137 Ab-F4/80 were injected via tail vein at a small dose of 6 μg Ab/20g BW for three times, as summarized in Figure 5A . We found that NPs-αCD137 Ab-F4/80 significantly inhibit bone metastases of breast cancer when compared to the PBS, αCD137 Ab, NPs-αCD137 Ab treatment groups ( Figure 5B) . H&E staining revealed that bone metastatic burden in the NPs-αCD137 Ab-F4/80 treatment group is lower than that in the controls (PBS, NPs-IgG-F4/80, αCD137 Ab, NPs-αCD137 Ab treatment group, Figure 5C ). Meanwhile, TRAP staining showed that the infiltration of TRAP-positive osteoclasts in bone metastatic lesions of NPs-αCD137 Ab-F4/80 treatment group was significantly lower than that of controls ( Figure 5D ). In addition, NPs-αCD137 Ab-F4/80 decreased the lung metastatic burden of breast cancer (Figure 5E ). At the same time, the weight of mice in NPs-αCD137 Ab-F4/80 treatment group did not obviously change when compared with the other groups ( Figure S5) .
Although NPs-αCD137 Ab-F4/80 treatment increased the monocytes in peripheral blood, the mean number of monocytes remained within the normal range (< 9 % of white blood cells). It has no effect on the number of other peripheral blood cells (Figure S6A and S6B) and percentage of monocytes/macrophages (CD45 high F4/80 high , CD45 hi F4/80 hi cells) in the spleen (Figure S6C and  S6D) . Since CD137 has been well recognized as a costimulatory molecule for T-cell activation, we tested whether the NPs affect the activation of T cells. The markers for T cell activation-CD44 and CD69 [45, 46] were detected in mouse spleens by FACS. We found that the percentage of CD3 hi cells, and the ratios of CD69 hi CD4 hi /CD3 hi , CD69 hi CD8 hi /CD3 hi , CD44 hi CD4 hi /CD3 hi , CD44 hi CD8 hi /CD3 hi cells in spleen leukocytes were not obviously affected upon NPs-αCD137 Ab-F4/80 treatment as compared with the PBS treatment control (Figure S6E-S6F) . At the same time, the percentages of CD45 hi CD3 hi and CD3 hi CD69 hi cells in tumor tissues did not significantly change after the NPs-αCD137 Ab-F4/80 treatment ( Figure S6G-S6J) , indicating that NPs-αCD137 Ab-F4/80 treatment has no influence on the presence and activation of T cells in tumor tissues. These findings were further verified by the immunofluorescent staining of CD3 and CD69 in tumor tissues (Figure S6K and S6L) . In addition, the percentage of CD45 hi F4/80 hi cells and the ratio of CD68 + /DAPI + cells in tumor allografts did not change upon NPs-αCD137 Ab-F4/80 treatment ( Figure S6G and S6H, Figure S6K and S6L) , but the ratio of Ki67 + /DAPI + cells reduced ( Figure S6K and S6L) , demonstrating that the NPs-αCD137 Ab-F4/80 inhibit the proliferation of primary tumor but do not affect the presence of macrophages in tumor microenvironment.
Dual-target therapy for breast cancer against CD137 and Fra1
Since we demonstrated that CD137 promotes the expression of Fra1, we asked whether our synthesized nanoparticles could increase the anti-metastasis efficacy of the Fra1 inhibitor in vivo. To test this hypothesis, 4T1FL-allograft mouse model was established. NPs-αCD137 Ab-F4/80 were injected via the tail vein for a total of three doses, SKLB816 was injected for a total of six doses as summarized in Figure 6A . Mice treated with PBS, NPs-αCD137 Ab-F4/80 or SKLB816 only at the same dose and frequency were used as controls. We found that SKLB816 reduces bone metastatic burden when compared with the PBS treatment group (Figure 6B) . The bone metastatic burden was also decreased in the combined treatment mice when compared with the PBS treatment group. Meanwhile, the combined therapy reduced both the lung metastatic foci number and area ratio in the 4TFL-bearing mice when compared with the PBS, NPs-αCD137 Ab-F4/80 or SKLB816 treatment alone group separately ( Figure  6C) . The above findings demonstrated that NPs-αCD137 Ab-F4/80 can intensify the therapeutic efficacy of the SKLB816 in vivo and thus provide a potential new combined therapeutic strategy for the treatment of distant metastases of breast cancer.
Schematic summary of our proposed model is shown in Figure 6D . Specifically, Fra1 was reported to be activated by MEK-ERK/JNK signaling in monocytes/macrophages [47] . Here, we found that CD137 signaling promotes the expression of Fra1, although the underlying regulatory mechanisms still need to be explored. The NPs-αCD137 Ab-F4/80 block the CD137 signaling of macrophages in tumor microenvironment, which on the one hand inhibit the differentiation of macrophage into osteoclasts, and on the other hand inhibit the expression of Fra1 to reduce the migration property of macrophages. Moreover, the NPs-αCD137 Ab-F4/80 increases the anti-metastatic effect of SKLB816, which inhibits the expression of Fra1 in both macrophages and tumor cells. 
Discussion
Macrophages are important inflammatory cells infiltrating within most solid tumors. Their recruitment and activation in tumor microenvironment are largely regulated by signals produced by tumor, such as cytokines, chemokines, and endogenous signals, etc. [20, 48] .
In this study, we demonstrated that CD137 promotes the migration of monocytes/macrophages both in vivo and in vitro, and overexpression of Cd137 in monocytes/macrophages promotes bone metastases of breast cancer in vivo. Among the complex underlying mechanisms, Fra1 was one of the import downstream factors that mediated the migration-promotion effect of CD137 in monocytes/macrophages.
Current studies showed that bone colonization of disseminated breast cancer can be detected at early stage and the osteogenic niche contributes to this procedure [49, 50] . We disclosed that the serum sCD137L level in patients with metastatic breast cancer increased when compared with breast cancer patients without metastases and normal controls. Previous study demonstrated the expression of CD137L and release of sCD137L by activated leukocytes [51] . In this study, we disclosed that besides the monocytes/macrophages, breast cancer cells also produce sCD137L. Application of anti-CD137L Ab inhibited the recruitment of monocytes/macrophages by breast cancer cells. sCD137L was considered active base on its competition with recombinant CD137L for binding to the CD137 [51] . The relative higher sCD137L in the serum of metastatic breast cancer patients may enhance the activation of CD137 signaling in monocytes/macrophages thus promote the bone and lung metastases of breast cancer cells.
Previous studies found that CD137L-CD137 bidirectional signaling pathway can enhance the differentiation of macrophages into osteoclasts [13] . However, some research groups revealed that CD137L reverse signal pathway inhibits this differentiation [52] . In our study, we found that application of anti-CD137L blocking antibody to monocytes/macrophages inhibits, but overexpression of Cd137 promotes their differentiation into osteoclasts in vitro. Moreover, overexpression of Cd137 in monocytes/macrophages increased the infiltration of TRAP + osteoclasts in the bone metastatic sites of triple-negative 4T1FL breast cancer cells in vivo.
Current studies support the concept that advanced tumor exists in an immunosuppressive microenvironment. Blocking the immune checkpoint by anti-PD-1/PD-L1 or anti-CTLA-4 therapy shows clinical durable responses in certain types of cancer such as renal cell carcinoma and melanoma [53] [54] [55] . However, their therapeutic efficacy on breast cancer is still under evaluation [56] . Previous studies showed that tumor associated macrophages (TAMs, M2 phenotype) are important immune suppressive cells that contribute to the growth and metastases of breast cancer [57, 58] . Targeting or reducing TAMs achieved significant therapeutic results in breast cancer [31] . In this study, depletion of F4/80 + monocytes/macrophages in mice with clodrolip significantly inhibited the bone-and-lung metastases of breast cancer. Targeting the F4/80 + macrophages to inhibit their CD137 signaling could effectively inhibit the presence of TRAP positive osteoclasts in the bone metastatic lesions of breast cancer. Our study suggests that specific blocking of CD137 signaling in monocytes/macrophage is a promising strategy in the treatment of bone metastasis of breast cancer.
In many reported immunotherapy experiments, the total dose of antibody used is usually ≥50 µg to reach therapeutic effects in mouse models [15, 59, 60] . In our study, low dose of antibody was loaded in the NPs (6 μg/200 uL NPs), in addition, the NPs target specifically to the macrophages/monocytes (as shown in Figure 4) , these two key reasons may account for the inconspicuous impact of αCD137 Ab on T cell activation. This method is thus different from the anti-CD137 agonistic antibody treatment, which activates T cells and finally leads to the anti-tumor effect. Besides the two reasons above, using liposome as a carrier can reduce the ineffective degradation of loaded agents in vivo, thus finally enhance the therapeutic efficacy of NPs-αCD137 Ab-F4/80, which are more effective when compared with the same dose of αCD137 Ab as shown in Figure 5 .
Previous study found that the Fra1 inhibitor-SKLB816 has a higher therapeutic efficacy for triple-negative breast cancer when compared with other therapeutic agents such as Dasatinib and Paclitaxel [41] . Our novel NP-αCD137 Ab-F4/80 showed similar therapeutic effect in reducing the bone and lung metastasis as SKLB816 in 4T1FL-allograft mouse model. The metastasis of 4T1 is a time-dependent process. Lung is the organ where 4T1 cells are most likely to metastasize when compared with other organs such as liver, spleen, bone and brain, etc. [44] . As shown in Figure 6 , the tumor was removed after 18 days of 4T1FL inoculation, which was relative late than the resection surgery date shown in Figure 5 (14 days after 4T1FL inoculation), that may account for equal (100%) lung metastasis incidence observed in the NP-αCD137 Ab-F4/80 combined with the SKLB816 therapy group when compared with the control groups (PBS, NP-αCD137 Ab-F4/80, and SKLB816 treatment groups). However, the lung metastatic foci number and area was reduced when compared with controls, indicating that the combined therapy is an effective method in reducing the lung metastasis of breast cancer.
In summary, we designed a novel F4/80 targeted liposomal nanoparticle encapsulating anti-CD137 antibody (NP-αCD137 Ab-F4/80) that could deliver the anti-CD137 antibody to monocytes/macrophages. These nanoparticles could significantly inhibit both bone and lung metastases of breast cancer. In addition, these NPs increased the anti-metastatic effects of Fra1 inhibitor on breast cancer; this study thus provided a promising strategy in the treatment of distant metastases of breast cancer.
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